UNCLASSIFIED 


_ AD  NUMBER _ 

AD818227 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors;  Critical  Technology;  JUN 
1967.  Other  requests  shall  be  referred  to  Air 
Force  Office  of  Scientific  Research, 

Washington,  DC.  This  document  contains  export- 
controlled  technical  data. 


_ AUTHORITY 

afosr  ltr,  12  nov  1971 


THIS  PAGE  IS  UNCLASSIFIED 


AD8 1 8227 


-4F08JR  67-1788 


S*rric»  through  Sdiaci 


Quarterly  Technical  Summary  Report  No.  6 
March  1,  1967  to  May  31,  1967 


RESEARGH  ON  THE  DEFLAGRATION 
OF  HIGH-ENERGY  SO^ID  OXIDIZERS 


Contract  No.  AF  49 (638) —1645 


To: 

Air  Force  Office  of  Scientific  Research 
Washington,  D.  C. 


D  D  C 

ny?rar?nnM 

k  AUG  10  1967 


Kinetics  and  Combustion  Grobp' 
Research  Division 


,Li  L.j' 


B 


June  30,  1967 


ATLANTIC 


2.  ThiB  doouaent  is  subject  to  special  export  controls  and  eaoh 
transmittal  to  foreign  governments  or  foreign  nationals  may  be 
made  only  with  prior  approval  of  AFOSR  (SROL), 


Atlantic  Rc«ca«ch  Con^ohation 

ALCXANGKIA.VIROINIA 


Quarterly  Technical  Summary  Report  No,  6 
March  1,  1967  to  May  31,  1967 


RESEARCH  ON  THE  DEFLAGRATION 
OF  HIGH-ENERGY  SOLID  OXIDIZERS 


Contract  No.  AF  49(638)-1645 


To: 

Air  Force  Office  of  Scientific  Research 
Washington,  D.  C, 


Contributors:  G,  von  Elbe  (Chief  Investigator) 
E.  T.  McHale 

Consultants:  R,  Friedman 

J ,  B .  Levy 


Kinetics  and  Combustion  Group 
Atlantic  Research  Corporation 
Alexan  .ria,  Virginia 


June  30,  1967 


Atlantic  Rcicanch  Condonation 

ALCXAKGriA,  VIHOINIA 


TABLE  OF  CONTENTS 

Page 

I.  ABSTRACT  AND  INTRODUCTION  .  I 

► 

II.  FURTHER  EXPERIMENTS  ON  HAP  AND  AP  .  .  .  .  1 

III.  ANALYSIS  OF  DEFLAGRATION  PROCESS  OF 

HAPANDAP .  3 

IV.  PLANS  FOR  FUTURE  WORK .  8 

REFERENCES 


i 


Atlantic  Rcicarch  Corporation 

ALEXANDRIA.  VI MOINIA 


I.  ABSTRACT  AND  INTRODUCTION 


During  this  quarter,  the  study  of  the  deflagration  of  hydroxyl- 
ammonium  perchlorate  (HAP)  was  completed.  The  results  obtained  since  the 
previous  report  are  given,  together  with  further  analysis  of  the  HAP  defla¬ 
gration  process.  Some  data  on  ammonium  perchlorate  (AP)  have  also  been 
obtained  and  these  are  presented.  The  AP  deflagration  process  is  also 
analyzed  and  a  concept  of  cellular  flame  structure  is  advanced. 


II.  FURTHER  EXPERIMENTS  ON  HAP  AND  AP 

In  the  previous  report  (1),  the  deflagration  rate  of  HAP  as  a 
function  of  pressure,  the  effect  of  H^O  on  the  deflagration,  and  the  critical 
tube  diameter  for  quenching  of  the  deflagration  were  studied,  Some  experi¬ 
ments  on  AP  quenching  and  burning  rates  were  also  reported.  This  report 
presents  further  results  and  analysis  of  HAP  and  AP  deflagration. 

The  technique  of  burning  solid  oxidizers  in  glass  tubes,  which  act 
as  heat  sinks,  requires  that  the  effect  of  the  tubes  on  the  deflagration 
rates  be  known.  For  HAP  we  have  measured  the  burning  rates  at  200  atm  as 
a  function  of  tube  diameter.  These  are  sho^'n  in  the  table  below. 

2 

Pyrex  Tube  i.d.  (mm)  m  (g/cro  sec) 

3.0  4.08 

4.24 

5.8  4.52 

4.63 

8.0  5.25  (averg.) 

The  last  value  is  an  average  of  several  experiments.  A  monotonic  increase 
in  m  with  increasing  tube  diameter  is  found,  continuing  even  up  to  8  mm  i.d. 
tubes,  which  exceed  the  quenching  diameter  by  a  factor  of  three  at  200  atm. 

We  do  not  believe  the  reported  (1)  pressure  dependence  of  the  deflagration 
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rate  is  substantially  affected  by  this  finding,  but  the  low  value  of  the 
measured  flame  temperature  (see  below),  which  is  less  than  the  calculated 
adiabatic  value,  may  be  partially  due  to  this. 

The  deflagration  rate  for  AP  also  varies  with  tube  diameter  and 
with  particle  size.  In  figure  1  are  presented  the  complete  results  of  the 
mass  rates  vs.  pressure,  which  were  only  partially  completed  last  report 
period.  The  figure  i6  self-explanatory.  The  data  are  necessary  for  inter¬ 
pretation  of  the  quenching  diameter  results  (1)  but  we  have  nothing  to  add 
to  the  discussion  beyond  what  was  presented  previously  (1). 

When  burning  AP  powder  compacted  to  only  M)0%  of  crystal  density, 

^ *0%  of  the  strand  is  void  space  filled  with  high  pressure  gas.  This  gas 

dilutes  the  combustion  product  gases  and  lowers  the  flame  temperature.  It 

was  calculated  (1)  that  at  100  atm,  the  flame  temperature  of  AP  would  be 

lowered  approximately  50°C  and  this  would  result  in  a  decrease  of  m  of  about 

20%.  To  determine  if  this  assumption  is  correct,  we  have  burned  21y  AP  at 

60%  crystal  density  in  8  mm  i.d.  tubes  at  70  atm  using  He  and  Ar  as  pres- 

2 

surizing  gases.  The  mass  rates  were  the  same  for  both  gases,  1.41  g/cm  sec 

(average  of  several),  and  about  10%  higher  than  the  rate  using  N„  as 

2  ^ 
pressurizing  gas,  1.27  g/cm  sec.  Since  the  heat  capacities  of  He  and  Ar 

are  the  same  and  lower  than  N£,  but  the  thermal  conductivities  of  He  and  Ar 

vary  greatly,  this  establishes  that  there  are  no  significant  superimposed 

thermal  conduction  effects. 

The  product  gas  temperature  for  deflagrating  HAP  has  been  measured 
using  fine  thermocouples.  The  method  was  essentially  the  same  as  in  previous 
work  (2).  It  consisted  of  imbedding  thermocouples  in  strands  compacted  to 
^98%  of  crystal  density  and  measuring  the  voltage  output  with  a  recording 
oscillograph  as  the  deflagration  wave  overran  the  couple.  Chromcl-Alumel 
of  2  mil  wire  diameter  was  used  and  the  measured  temperature  was  corrected 
for  radiation  heat  loss  of  the  bead.  This  correction  was  25°.  The  flame 
temperatures  were  1320  and  lOSO^K  at  200  atm.  The  average  of  these  is 
1305°K  and  this  compares  with  the  calculated  value  at  200  atm  at  1413°K. 

For  comparison  the  calculated  and  measured  values  for  AP  at  100  atm  are 
1440  and  1203°K,  respectively  (4). 
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Figure  1.  Mass  Deflagration  Rate  Versus  Pressure  for  AP. 

(a)  Data  from  Reference  3  for  Compacted  Strands 
Near  Crystal  Density;  (b)  21m  AP,  1.15  g/cc  Density, 
6mm  Pyrex  Tubes;  (c)  21m  AP,  1.15  g/cc  Density, 
3.3mm  Pyrex  Tubes;  (d)  203m  AP,  1.28  g/cc  Density, 
5.7mm  Pyrex  Tubes;  (e)  21m  AP.  1.15  g/cc  Density, 
8.0  mm  Pyrex  Tubes. 
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III.  ANALYSIS  OF  DEFLAGRATION  PROCESS  OF  HAP  AND  AP 

It  i.6  instructive  to  compare  the  deflagration  rate  vs.  pressure 
curves  for  HAP  and  AP  (1).,  When  HAP  doe6  burn,  it  burns  at  approximately 
twice  the  rate  of  AP,  but  it  has  a  lower  inf lammability  limit  of  M.40  atm 
which  compares  to  the  lower  pressure  limit  of  AP  of  ^20  atm.  Thi6  occurs 
even  though  the  flame  temperature  of  HAP  is  ■'''100°  above  that  for  AP,  and 
the  heat  of  vaporization  is  only  about  half  of  that  for  AP.  A  reasonable 
explanation  for  this  difference  in  burning  behavior  between  HAP  and  AP 
could  be  the  difference  in  the  extent  of  condensed  phase  heat  release  in 
the  two  monopropellants.  We  postulate  that  in  HAP  heat  release  at  or  just 
below  the  surface  is  necessary  to  drive  the  deflagration.  The  condensed 
phase  reactions  in  turn  require  a  heat  flux  from  the  gas  phase  to  sustain 
them.  As  pressure  falls,  this  flux  decreases  and  the  condensed  phase  re¬ 
actions  diminish  due  to  the  lowering  of  surface  temperature.  Such  a 
mechanism  can  account  for  the  relatively  fast  rates  observed  for  HAP  de¬ 
flagration  and  yet  allow  for  the  fact  that  it  has  a>  lower-pressure  in¬ 
flammability  limit  many  times  higher  than  AP.  The  model  can  be  formulated 
one  dimensionally  by  writing  a  heat  balance  at  the  surface  of  the  defla¬ 
grating  solid : 


X  —■  *  m  [c  (T  -  T  )  +  0  -Qj, 

dx  p  s  u  Trap  x# 

which  for  an  assumed  linear  temperature  gradient  in  the  gas  yields 

1  <V  V 

“  L  [c  (T  -  I  )  +  0  -  Q  ] 

p  s  u  ^vap  c<f> 

L  is  the  gas  reaction  zone  thickness  and  Q  .  is  the  heat  liberated  in  the 

c<p 

surface  plane.  For  AP,  if  y  is  neglected,  and  the  following  values  for 
the  other  terms  are  chosen  (these  have  been  either  measured  or  are  acceptable 
estime tes) 
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Tfro 

930 

<Y  V 

400 

yv  y(cai/g) 

150 

500 

A(cal/cm  6ec  deg) 

.00015 

one  calculates  that  the  flame  standoff  distance  must  be  approximately  0.3 

2 

microns  at  150  atm  to  obtain  a  mass  burning  rate  of  3  g/cm  sec.  In  the 
rase  of  HAP,  *  1035°C,  Qy  «  250  cal/g,  and  if  Tg  is  taken  36  ^400°C 
(arbitrarily  selected  as  the  approximate  1  atm  boiling  point  obtained  by 
extrapolation  of  data  in  (5))  then  at  150  atm  where  m  *  6  g/cm"6ec,  L  i6 
calculated  to  be  0.45  microns,  if  is  neglected  (C^  and  A  are  estimated 
to  be  the  same  as  for  AP).  This  accounts  for  the  faster  burning  rates  ob¬ 
served  for  HAP  but  gives  no  clue  as  to  why  HAP  then  should  not  sustain 
deflagration  down  to  pressures  comparable  to  the  lower  limit  of  AP.  The 
higher  inflammability  limit  requires  an  adjustment  of  the  model,  i.e.,  we 
consider  Q^.  If  the  condensed  phase  heat  release  is  assumed  to  be  approxi¬ 
mately  of  the  same  magnitude  as  Qvap>  then  for  the  values  given  above  at 
150  atm,  L  =  ,l.6u.  Thus,  HAP  will  burn  faster  than  AP  even  though  the  gas 
kinetics  are  slower,  but  since  the  gas  heat  flux  is  necessary  to  drive  the 
surface  reactions  and  thereby  sustain  the  combustion,  HAP  can  show  a 
higher  lower-pressure  limit.  We  note  that  HAP  deflagration  rates  will  show 
a  positive  pressure  exponent  which  will  be  contained  in  the  L  term  of  the 
above  equation.  Also  there  is  no  evidence  in  the  foregoing  discussion  that 
condensed  phase  heat  release  may  not  occur  to  some  extent  in  AP  deflagration. 
In  fact  if  in  AP  is  90%  of  the  heat  necessary  to  supply  the  sensible 
heat  plus  the  heat  of  vaporization,  L  at  150  atm  is  still  only  3u. 


One  final  point  to  be  discussed  in  connection  with  HAP  is  its 
mode  of  vaporization.  In  the  case  of  AP  and  hydrazine  perchlorate  (HP), 
vaporization  is  believed  to  occur  with  dissociation.  The  evidence  is  fairly 
strong  and  is  given  in  references  6  and  7.  This  being  the  case,  the  heat 
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of  vaporization  is  then  2R  times  the  elope  of  the  line  obtained  from  a 
Clausius-Claperon  plot  of  vapor  pressure-temperature  data.  For  HAP  the 
vapor  pressure  ac  a  function  of  temperature  has  been  measured  (5)  by  the 
Knudsen  and  Langmuir  techniques,  and  although  the  actual  magnitude  of  the 
pressures  at  the  same  temperatures  differ  by  approximately  a  factor  of  7, 
the  slopes  of  the  two  curves  both  yield  a  heat  of  vaporization  of  33  *1  kcal/ 
mole.  This  assumes  no  dissociation  and  the  value  would  be  66  kcal/mole  with 
dissociation.  In  the  absence  of  experimental  evidence,  one  can  check  the 
validity  of  the  non-dissociative  assumption  by  examining  the  entropies  of 
vaporization  for  the  three  oxidizers.  The  entropy  is  given  by  /T,  where 
T  .must  be  a  temperature  selected  for  each  oxidizer  where  the  vapor  pressures 
are  equal.  Usually  the  1  atm  boiling  temperature  is  used.  Below  we  list 
the  calculated  entropies  for  AP,  HP  and  HAP. 


™4C104(S) 


NH 


3(g) 


AH  =  38  Kcal/mole 


+  HC10. ,  . 

4(g) 

AS  «=  71  cal/mole  deg 


N.H,C10.  ,  .  -*•  N0H,  ,  , 
2  5  4(s)  2  4(g) 

AH  ■=  58  Kcal/mole 


+  “C1°4<g> 

AS  =  73  cal/mole  deg 


HONH^CIO.  .  .-*■  HONH 
3  4(s) 

AH  =  66  Kcal/mole 
(assumed) 


0,  x  +  HC10. ,  x 
2(g)  4(g) 

AS  *  100  -  120  cal/mole 


deg 


If  vaporization  occurred  in  the  same  way  for  all  three  compounds,  one  would 
expect  to  find  all  the  AS’s  approximately  equsl  (as  they  are  for  AP,  HP  and 
other  similar  solids,  see  (6)).  Since  HAP  p'  ibits  an  inordinately  high 
ASyap  when  calculated  in  this  way,  the  argui  t  favors  a  non-dissociative 
vaporization  with  an  enthalpy  of  33  kcal/mole. 

In  the  course  of  our  studies  of  the  self-deflagration  of  solid 
oxidizers  and  the  analysis  of  the  results  in  terms  of  the  structure  of 
combustion  waves,  we  have  been  led  to  the  conclusion  that  ammonium  per¬ 
chlorate  must  exhibit  cellular  structure.  Cellular  flames  have  long  been 
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known  for  gaseous  combustion  mixtures  and  are  discussed  in  reference  (8). 
They  ; pontan.eou6ly  form  when  the  combustible  mixture  is  stoichiometrlcally 
unbalanced  and  the  diffusivity  of  the  deficient  component  is  higher  than 
that  of  the  component  in  excess.  The  ammonium  perchlorate  system  meets 
these  criteria,  being  oxidizer  rich  and  NH^  having  a  much  higher  diffusivity 
than  the  HCIO^,  component.  Under  these  conditions  ceils  would  be  expected 
to  form  which  should  appesr  similar  to  the  illustration  of  Figure  2  (not 
to  scale) .  The  dashed  line  above  the  solid  AP  represents  the  reaction  zone 
boundary.  Within  a  cell  the  diffusional  stratification  of  gasified  re- 


y± 


X 


Figure  2.  Cellular  llame  Structure  of  Ammonium  Perchlorate 

actants  yields  a  mixture  of  NH^  and  HCIO^  richer  in  NH^  and  more  stoichio- 
inetricslly  balanced.  The  burning  velocity  will  therefore  be  higher  than 
between  cells  where  the  reactant  mixture  will  be  very  fuel  lesn.  Corres¬ 
pondingly,  the  heat  flux  back  to  the  solid  will  be  grester  within  the 
cells.  During  the  burning  ;f  a  single  crystal  of  AP,  cellulsr  flames  would 
be  expected  to  engrave  a  pattern  on  the  surface.  Such  an  engraved  pattern 
has  been  found  by  Price  and  Hightower  (9)  in  their  studies  of  the  deflagra¬ 
tion  of  single  AP  crystals,  in  which  they  quenched  the  combustion  snd 
examined  the  surface. 

Another  criterion  which  we  believe  must  be  met  for  cellular  flames 
to  form  is  the  diffusion  distance  of  an  element  of  reactant  should  be 
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comparable  to  or  larger  than  the  reaction  zone  thickness.  For  AP  at  80  £tm 
pressure  a  one-dimensional  treatment  such  as  previously  given  yields  a  re¬ 
action  zone  of  M).5  microns.  An  average  diffusion  distance,  x,  can  be 
estimated  from 


x  -  /2Dt  =  /2Dy/Vg 

2 

where  D  is  the  diffusivity  of  NH^  estimated  to  be  0.015  cm  /sec  at  1000° 
and  80  atm,  t  is  the  average  time  spent  in  the  reaction  zone  estimated  as 
y/Vg where  y  is  0.5  microns  and  Vg  is  the  average  gas  velocity  which  we  cal¬ 
culate  to  be  approximately  34  cm/sec.  x  therefore  is  2  microns,  and  the 
ratio  x/y  is  about  4.  For  the  cellular  flames  of  butane-air  studied  by 
Markstein  (10)  we  estimate  the  analogous  x/y  ratio  to  be  about  2.  This 
criterion  seems  to  be  better  fulfilled  for  the  AP  system.  We  further  esti¬ 
mate  the  cell  size  to  be  approximately  100  times  the  reaction  zone  thickness 
based  on  comparison  with  the  butane-air  cells.  This  would  predict  a  cell 
size  at  80  atm  of  which  is  approximately  the  dimension  of  the  engraved 

pattern  observed  by  Price  and  Hightower  at  80  atm. 

Cellular  structure  may  be  an  important  consideration  when  inter¬ 
preting  some  combustion  behavior  of  AP.  It  is  likely  not  to  be  important 
when  considering  the  burning  of  a  single  AP  particle  embedded  in  a  propel¬ 
lant  binder  matrix.  Also  in  the  deflagration  of  pressed  strands  of  the 
oxidizer  made  from  AP  of  various  particle  sizes  it  probably  becomes  washed 
out.  Conditions  are  fulfilled  to  a  greater  or  lesser  extent  in  other 
monopropellant-type  oxidizer  systems  for  formation  of  cellular  flames 
although  they  too  may  be  washed  out  and  never  observed  by  the  melting  and 
heterogeneity  of  the  samples. 

IV.  PLANS  FOR  FUTURE  WORK 

Studies  of  extinguishment  of  propellants  by  rapid  depressurization, 
mentioned  in  previous  reports  in  this  series,  are  now  underway.  The  apparatus 
has  been  built  and  instrumented  and  some  initial  experiments  were  made.  During 
the  next  quarter  it  is  expected  that  preliminary  results  will  be  obtained  and 
a  complete  report  on  the  work  will  then  be  given. 
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During  this  quarter,  the  study  of  the  deflagration  of  hydroxylammonium 
perchlorate  (HAP)  was  completed.  The  results  obtained  since  the  previous 
report  are  given,  together  with  fu? ther  analysis  of  the  HAP  deflagration 
process.  Some  data  on  ammonium  perchlorate  (AP)  have  also  been  obtained 
and  these  are  presented.  The  AP  deflagration  process  is  also  analyzed  and 
a  concept  of  cellular  flame  structure  is  advanced. 
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